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At the LHC, the interplay between a series of effects (e.g. intrabeam scattering, longitudinal
beam manipulations, machine non-linearities) can lead to a tails population change, that may result
in non-Gaussian beam distributions. Since the calculated beam size depends on the tail formation,
it is important to follow the bunch profile evolution. In this paper, the benchmarking of a Monte-
Carlo simulation code able to track 3D particle distributions, with the analytical IBS formulas is
discussed. Novel distribution functions are employed to describe the beam profiles, and are used
as a guideline for generalizing emittance estimations due to IBS and radiation effects. The impact
of the distribution shape on the evolution of the bunch characteristics is studied. Bunch profile
observations from the LHC Run 2 are compared to simulations and analytical results.
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2I. INTRODUCTION
For the LHC luminosity studies, a model including the effects of intrabeam scattering (IBS), synchrotron radiation
(SR), elastic scattering and luminosity burn-off is used [1]. The model was constructed based on analytical models
which assume Gaussian beam distributions. A comparison of the bunch characteristics evolution as predicted by this
model with the measured ones revealed an extra (on top of the model) transverse emittance blow up in the measured
data. One of the attempts to explain this blow up concerns the bunch profiles that appear to have non-Gaussian
shapes both at flat bottom (FB) and flat top (FT) energies, i.e. 450 GeV and 6.5 TeV respectively. The aim of
this study is to quantify the impact of the distribution’s shape on the emittance and luminosity evolution, extending
the usual approach of employing the analytical formulas for modeling IBS, which are based on 3D Gaussian beam
assumptions [2]. For this, the Monte Carlo multiparticle simulation code for IBS and Radiation Effects (SIRE) [3, 4]
is being used. The comparison of the code results with analytical formulas has been studied for the nominal collision
energy (7 TeV) for various initial parameters cases [5]. Also, a comparison of LHC data from Run 2 with simulations
performed with SIRE is discussed in [6]. In this paper, a benchmarking of the Bjorken-Mtingwa (B-M) IBS theoretical
model with the SIRE code for both FB and FT energies is presented for the nominal Batch Compression Merging
and Splitting (BCMS) [7, 8] and the high luminosity (HL-LHC) [9] beam parameters. For the case of FT energy, an
example showing the comparison between experimental data coming from Run 2, the SIRE and the B-M analytical
formalism [2], is given. To this end, an example of transverse bunch profiles in the LHC, showing the preponderance
of the q-Gaussian against the Gaussian function, is presented.
II. BUNCH PROFILES IN THE LHC
Based on the transverse and longitudinal bunch profile measurements, it has been observed that the particle
distributions in the LHC, both at FT and FB energies, appear to have tails that differ from the ones of a normal
distribution. At the LHC FB energy, the emittance evolution is dominated by the IBS effect, both in the horizontal
and in the longitudinal plane, while no effect is expected in the vertical plane [10]. From Run 2 data, it is observed
that in many cases the transverse bunch profiles appear to be non-Gaussian during the whole FB [11]. At the LHC
FT energy, the IBS effect becomes weaker while Synchrotron Radiation (SR) damping becomes more pronounced.
The transverse bunch profiles at FT appear to have non-Gaussian tails. During the energy ramp, the bunches that
are blown up longitudinally in order to avoid instabilities due to the loss of Landau damping [12], arrive at the start
of collisions with a clearly non-Gaussian shape [13]. At FT, the underpopulated tails of the longitudinal distributions
become more Gaussian as time evolves.
By assuming that a particle distribution is Gaussian even when this is not the case, the rms beam size may be
underestimated or overestimated. Therefore, it is important to use appropriate fitting functions in order to calculate
accurately the beam sizes and thus, the luminosity.
A. The q-Gaussian distribution function
A generalized Gaussian function, called the q-Gaussian [14], is proposed to be used for fitting more accurately
bunch profiles with tails that differ from the ones of a normal distribution. It is employed for describing the bunch
profiles in the LHC. This distribution has a probability density function given by:
f(x) =
√
β
Cq
eq(−βx2) . (1)
The q-exponential function is given by:
eq(x) = (1 + (1− q)x)
1
1−q . (2)
The parameter q describes the weight of the tails, in the sense that the larger its value, the heavier the tails become,
as presented in Fig. 1. In the limit of q → 1, the normal distribution is obtained. The distribution is characterized as
“light” tailed when q < 1 and as “heavy” tailed when q > 1. The normalization factor Cq differs for specific ranges
of the q parameter and it is written as:
Cq =
{ 2√pi
(3−q)√1−q
Γ( 11−q )
Γ( 3−q2(1−q) )
, for −∞ < q < 1
√
pi , for q = 1
√
pi√
q−1
Γ( 3−q2(q−1) )
Γ( 1q−1 )
, for 1 < q < 3
. (3)
3FIG. 1: The q-Gaussian distribution function for different q and β values.
The parameter β is a real positive number. As the normal distribution, the q-Gaussian is an even function taking its
maximum at x = 0, where
f(0) =
√
β
Cq
. (4)
For a certain q value, the higher is the value of β, the larger is the maximum of the probability density function, as
can be observed in Fig. 1. The standard deviation which also differs for specific ranges of the q parameter, is given
by:
σ =
{ √ 1
β(5−3q) , for q < 5/3
∞ , for 5/3 ≤ q < 2
undefined , for 2 ≤ q < 3
. (5)
In the heavy tail regimes, the distribution is equivalent to the Student’s t-distribution with a direct mapping
between q and the degrees of freedom ν (Eq. (6)). Statistically the q-Gaussian is a scaled reparametrization of the
Student’s t-distribution [15] for which the parameter ν is constrained to be a positive integer related to the sample
size. The advantage of the q-Gaussian function is that, by introducing the parameters q and β, a generalization of
the Student’s t-distribution to negative and or non-integer degrees of freedom is possible, where:
q =
ν + 3
ν + 1
with β =
1
3− q . (6)
B. Bunch profile measurements in the LHC
The transverse diagnostic instruments for measuring the bunch profiles in the LHC are the betatron matching
monitor [16], the Beam Gas Ionization (BGI) monitor [17], the Beam Gas Vertex (BGV) monitor, the Beam Wire
Scanners (BWS) [18] and the Beam Synchrotron Light Monitor (BSRT) [19]. Compatibly with high intensity and high
energy operation, the BSRT is the only instrument offering non-invasive, continuous and single bunch measurements
of the LHC beams. The BSRT is calibrated with respect to the WS during dedicated low beam intensity runs 1. The
LHC is equipped with two SR monitors (one per beam) used to characterize the transverse and longitudinal beam
distributions.
A parameter that is generally used to measure the longitudinal emittance in circular accelerators is the bunch
length. The bunch length is given by the projection of the distribution function on the phase axis, which is known as
the bunch profile or line density. It is operationally measured by the LHC Beam Quality Monitor (BQM) [20] which
uses a wall current monitor pick-up (WCM) [21] to acquire the longitudinal profiles. Additionally, the longitudinal
synchrotron radiation monitor (BSRL) [22], which uses the same synchrotron light source as the BSRT, continuously
measures the longitudinal distribution of charges in the beams. The scopes connected to the WCM pick-ups can
acquire longitudinal bunch profiles of both beams during a full LHC cycle.
1 The WS can measure the emittance throughout the full LHC machine cycle including the energy ramp, provided that the total intensity
in the machine is limited to 240 nominal bunches at 450 GeV and 12 nominal bunches at 6.5 TeV.
4III. SOFTWARE FOR IBS AND RADIATIONS EFFECTS (SIRE)
Several analytical models that describe the IBS effect [2, 23] exist, all assuming Gaussian beam distributions. In
order to study the impact of a distribution shape on the emittance evolution and the distribution evolution itself,
when considering IBS and radiation effects, codes capable of such calculations are needed. Such a code is the SIRE
(Software for IBS and Radiation Effects) [3, 4], developed by A. Vivoli and M. Martini at CERN. In order to calculate
IBS, SIRE is based on an algorithm that is similar to the one implemented in MOCAC [24], where the beam is
represented by a large number of macro-particles occupying points in the 6-dimensional phase space.
SIRE takes as input the optics functions at different locations of the lattice in order to determine the trajectories of
the particles in phase space. A lattice compression technique, has been implemented to speed up the calculations [3].
Since the increase of the invariants due to IBS is linear to the first order in the traveling time along an element,
elements of the full lattice with Twiss functions differing less than a specified precision value are considered equal.
For such a group of elements the IBS effect is evaluated only once, resulting in a smaller computational time.
After providing the beam distribution and the optics along a lattice, the beam is geometrically divided according
to the specified number of cells for each plane. The macro-particles are assigned to each cell according to their
geometrical position. For each lattice point defined in the Twiss file, the 3 phases of each macro-particle are randomly
chosen and the position and momentum of the macro-particles are calculated. Based on the classical Rutherford
cross section, intra-beam collisions between pairs of macro-particles are calculated in each cell. The momentum of
particles is changed due to scattering. The radiation damping (RD) acts on the invariants of the macro-particles and
produces an exponential decrement of them that depends on the elapsed time. Then, the quantum excitation (QE) is
implemented. For a specified number of time steps which practically shows how frequently the IBS and SR routines
are called, the beam distribution is updated and the rms beam emittances are recomputed, giving finally as output
the emittance evolution in time.
IV. SIMULATIONS PERFORMED WITH SIRE FOR THE LHC
In order to understand the evolution of the bunch characteristics, based on the bunch profile observations, it is
important to study the interplay between IBS and radiation effects (SR and QE) during the full LHC cycle. This
is done using SIRE for two cases which are important for the current and future machine performance; the nominal
BCMS [7, 8] and the HL-LHC [9] parameters. Despite some blow-up in the LHC during the ramp, it is observed that
the BCMS beam gives an increase in peak luminosity of around 20%. The HL-LHC is the major LHC upgrade aiming
to increase luminosity by at least a factor of 10 compared to the nominal LHC design value (from 300 to 3000 fb−1).
In order to achieve that, the bunch intensity needs to be increased and the transverse beam size at the collision points
has to be lowered.
A. Reduced lattice
As mentioned earlier, one of the inputs required by SIRE are the optical functions along the ring. As the LHC is a
very long accelerator of about 27 km, with a very large number of elements in the sequence (more than 11000), SIRE
requires an extremely long computational time to track the distribution for all the elements along the ring. Aiming
to reduce the computational time, a study was first performed in order to identify the optimal minimum number of
critical IBS kicks around the lattice, without affecting the overall effect. The IBS growth rates were firstly calculated
for the full optics of the LHC, using the IBS module of the Methodical Accelerator Design code (MADX) [25] which
is based on the Bjorken-Mtingwa formalism. Figure 2 shows the IBS growth rates in the longitudinal (green), the
horizontal (blue) and the vertical (magenta) plane. Taking into account the strong IBS kicks along the ring, various
lattices with a reduced number of elements, including the case of the smooth lattice approximation, were tested.
Then, using the IBS module of MADX, the emittance evolution was calculated for several sets of beam parameters to
assure that the choice of the elements is valid both for regimes that the effect is weak and strong. Finally, the optimal
lattice chosen consists of only 92 elements whose positions are denoted by red dashed lines in Fig. 2.
Figure 3 shows the emittance (left) and the bunch length (right) growth during 30 min at FB energy, for the nominal
BCMS beams, with initial parameters an emittance and a 4σ bunch length that are respectively x0 = 1.5 [µm.rad]
and σs0 = 1 [ns], having a bunch population that is 1.2×1011. The black solid line refers to the case of the full lattice,
while the red dashed one to the reduced lattice with the 92 elements. The magenta dotted line corresponds to the
case of the smooth lattice approximation for which a lattice with a unique element, having the optics that represent
in the best possible way the mean optics of the full lattice, is considered. The agreement of the full and the reduced
lattice is very good in all planes. On the other hand, by using the smooth lattice approximation the IBS effect is
5FIG. 2: The IBS growth rates along the LHC in all three planes: longitudinal (green), the horizontal (blue) and the vertical
(magenta). The IBS kicks that are noted with red dashed lines, represent the positions of the 92 elements that compose the
reduced lattice.
FIG. 3: The growth of the horizontal emittance (left) and bunch length (right) due to IBS, as computed by MADX
(Bjorken-Mtingwa analytical formalism), in a time period of 30 min at FB, when considering the full lattice (black solid line),
the reduced lattice (red dashed line) and the smooth lattice approximation- mean optics (magenta dotted line).
slightly underestimated, in particular, in the longitudinal plane. In the next, the reduced lattice is used as an input
for the SIRE code. After choosing the optimal number of cells and macro-particles, the computational time in the
case of the reduced lattice is almost 20 times shorter than the one of the full LHC lattice.
B. Benchmarking of the B-M IBS theoretical model with SIRE
SIRE has the advantage to accept any type of distribution as an input. If requested, it also gives as output the
distribution at any stage of the tracking. In order to benchmark of the code with the analytical formulation of B-M
for the LHC, a Gaussian distribution was tracked for two sets of bunch parameters which are summarized in Table I
for the FB energy (450 GeV) and in Table II for the FT energy (6.5 TeV). The first case corresponds to the nominal
BCMS [7, 8] LHC beams, having a significantly lower transverse beam size with respect to the nominal production
scheme. The second case corresponds to the HL-LHC [9, 26] parameters, for which the bunch population is very high.
The input Twiss functions used for the tracking, are the ones that correspond to the optics of the aforementioned
reduced lattice.
TABLE I: Nominal (BCMS) and HL-LHC parameters, at FB energy (450 GeV).
Parameters Nominal (BCMS) HL-LHC
x,y [µm.rad] 1.5 2.0
4σ bunch length [ns] 1.0 1.2
Bunch population [1011] 1.2 2.3
6TABLE II: Nominal (BCMS) and HL-LHC parameters, at FT energy (6.5 TeV).
Parameters Nominal (BCMS) HL-LHC
x,y [µm.rad] 2.5 2.5
4σ bunch length [ns] 1.0 1.2
Bunch population [1011] 1.1 2.2
1. LHC at injection (450 GeV)
FIG. 4: The growth of the horizontal (left) and vertical (middle) emittance and energy spread (right) due to IBS, in a time
period of 1 h at the FB energy of the LHC (450 GeV) for the nominal parameters, as computed by the SIRE code (blue line)
and the Bjorken-Mtingwa analytical formalism in MADX (red line).
FIG. 5: The growth of the horizontal (left) and vertical (middle) emittance and energy spread (right) due to IBS, in a time
period of 1 h at the FB energy of the LHC (450 GeV) for the HL-LHC parameters, as computed by the SIRE (blue line) and
the Bjorken-Mtingwa analytical formalism in MADX (red line).
TABLE III: IBS growths of the transverse emittances and energy spread during 1 h at FB energy (450 GeV).
IBS growths
Nominal (BCMS) HL-LHC
MADX SIRE MADX SIRE
dx/x0 [%] 24.6 24.1 20.1 19.6
dy/y0 [%] 0.2 0.4 0.2 0.3
dσl/σl0 [%] 21.4 20.8 16.8 16.2
The horizontal emittance (left), the vertical emittance (middle) and energy spread (right) evolution after 1 h at
the FB energy (450 GeV), where the IBS effect is dominant, are presented in Fig. 4 for the nominal BCMS case and
in Fig. 5 for the HL-LHC parameters. The red and the blue lines correspond to the analytical calculations of the
MADX [27] IBS routine (based on the B-M formalism) and to the SIRE results, respectively. Due to the fact that
in SIRE the generation of the distribution is based on a random number generator, the tracking simulations were
7performed several times, resulting in the two standard deviation error-bars that are plotted in light blue. Table III
summarizes the IBS growth of the transverse emittances and energy spread, for the nominal BCMS and HL-LHC
parameters, as computed by the SIRE code and the B-M analytical formalism in MADX.
FIG. 6: The initial and final (after 1 h) distributions in the horizontal (left), vertical (middle) and longitudinal (right) plane,
for the nominal BCMS bunch parameters at FB energy (450 GeV), are denoted by blue and red stars, respectively. They are
fitted with the Gaussian (dashed line) and the q-Gaussian (solid line) functions.
FIG. 7: The initial and final (after 1 h) distributions in the horizontal (left), vertical (middle) and longitudinal (right) plane,
for the HL-LHC bunch parameters at FB energy (450 GeV), are denoted by blue and red stars, respectively. They are fitted
with the Gaussian (dashed line) and the q-Gaussian (solid line) functions.
In the horizontal and longitudinal plane the IBS effect is dominant, while in the vertical plane, it is minor. Even
though the SIRE simulation algorithm and the B-M analytical formalism make use of different approaches to calculate
the IBS effect (SIRE uses the classical Rutherford cross section which is closer to the Piwinski formalism), they seem
to agree very well during the 1 h time at FB energy. In the longitudinal plane, there is a small difference observed for
longer time-spans. Such differences can be explained by the fact that SIRE reshapes the beam distributions after each
collisional process, while the B-M IBS formalism assumes Gaussian beam distributions throughout the calculation.
The variation of the initially Gaussian particle distributions within 1 h at FB energy is shown in logarithmic scale
in Fig. 6 and Fig. 7 for the nominal BCMS and the HL-LHC case, respectively. The initial and final (after 1 h)
distributions in the horizontal (left), vertical (middle) and longitudinal (right) plane, are denoted by blue and red
stars, respectively. They are fitted with the Gaussian (dashed line) and the q-Gaussian (solid line) functions. The
fitting results of the initial and final distributions are presented in Table IV for the nominal BCMS case and in Table V
for the HL-LHC case.
As was expected from the results shown in Fig. 4-5 concerning the IBS growth, the horizontal and longitudinal
rms beam sizes get larger as time evolves, while the vertical one does not change. The vertical distributions remain
Gaussian since q ≈ 1. For both the nominal and the HL-LHC case, the q parameter of the horizontal and longitudinal
distributions is decreased. This can be explained by the fact that, due to IBS, the core of the distributions is blown
up in such a way that it covers up the initially Gaussian tails of the input distributions. In the longitudinal plane the
decrease in q is more significant for the HL-LHC case. This indicates that the stronger IBS is, the more the core is
blow up. Since for a light tailed distribution (q < 1) the Gaussian fit overestimates the rms value, the resulted beam
sizes are slightly larger than in the case of the q-Gaussian fit. Comparing the root mean square error (RMSE) values
of the two fitting functions for the final non-Gaussian bunch profiles shows that the q-Gaussian fit is better.
8TABLE IV: Initial and final (after 1 h) fit results for the horizontal, vertical and longitudinal bunch profiles shown in Fig. 6,
for the nominal BCMS parameters case at FB energy (450 GeV).
Fit Parameters
Horizontal distribution Vertical distribution Longitudinal distribution
Initial F inal Initial F inal Initial F inal
Gaussian
σrms ± 10−3 0.19 [mm] 0.22 [mm] 0.19 [mm] 0.19 [mm] 0.25 [ns] 0.33 [ns]
RMSE [10−3] 1 14 1 1 1 10
q-Gaussian
σrms ± 10−3 0.19 [mm] 0.21 [mm] 0.19 [mm] 0.19 [mm] 0.25 [ns] 0.32 [ns]
q ± dq 1.024± 0.003 0.893± 0.002 0.970± 0.007 0.967± 0.006 0.992± 0.002 0.941± 0.001
RMSE [10−3] 1 1 1 1 1 6
TABLE V: Initial and final (after 1 h) fitting results for the horizontal, vertical and longitudinal bunch profiles shown in
Fig. 7, for the HL-LHC parameters case at FB energy (450 GeV).
Fit Parameters
Horizontal distribution Vertical distribution Longitudinal distribution
Initial F inal Initial F inal Initial F inal
Gaussian
σrms ± 10−3 0.22 [mm] 0.25 [mm] 0.22 [mm] 0.22 [mm] 0.30 [ns] 0.37 [ns]
RMSE [10−3] 1 14 1 1 3 13
q-Gaussian
σrms ± 10−3 0.22 [mm] 0.24 [mm] 0.22 [mm] 0.22 [mm] 0.30 [ns] 0.36 [ns]
q ± dq 0.992± 0.003 0.891± 0.004 0.995± 0.003 0.987± 0.003 1.019± 0.005 0.885± 0.001
RMSE [10−3] 1 1 1 1 3 4
2. LHC at collision (6.5 TeV)
Since at FT energy IBS becomes weaker and SR starts playing an important role, it is the interplay between these
effects that determines the evolution of the bunch characteristics. In this respect, for the benchmarking of the B-M
IBS theoretical model with SIRE at FT energy, apart from the IBS, the radiation effects (SR and QE) are also taken
into account. It should be mentioned that for the results presented in the following plots the intensity is assumed to
be constant.
Figure 8 shows the horizontal emittance (left), the vertical emittance (middle) and energy spread (right) evolution
after 10 h at FT energy for the nominal BCMS case, while Fig. 9 shows the evolutions for the HL-LHC parameters.
The red and the blue lines correspond to the analytical calculations of the MADX [27] IBS routine (based on the B-M
formalism) and to the SIRE results, respectively. The two standard deviation error-bars for the simulation results are
plotted in light blue. Table VI summarizes the variation of the transverse emittances and energy spread during 10 h
at the FT energy of the LHC, for the nominal BCMS and HL-LHC parameters, as computed by the SIRE code and
the B-M analytical formalism in MADX.
FIG. 8: The evolution of the horizontal (left) and vertical (middle) emittance and energy spread (right) due to IBS and
radiation effects (SR and QE), in a time period of 10 h at the FT energy of the LHC (6.5 TeV) for the nominal BCMS
parameters, as computed by the SIRE code (blue line) and the Bjorken-Mtingwa analytical formalism in MADX (red line).
After a few hours at FT, the B-M analytical formalism and the simulations start differentiating. In order to
understand whether these differences are explained by the fact that SIRE reshapes the beam distributions after each
collisional process and the B-M IBS formalism assumes always Gaussian beam distributions, the bunch parameters
given by SIRE at 5 h are used as input for the IBS and SR calculations in MADX (Gaussian bunches). The red
9FIG. 9: The evolution of the horizontal (left) and vertical (middle) emittance and energy spread (right) due to IBS and
radiation effects (SR and QE), in a time period of 10 h at the FT energy of the LHC (7 TeV) for the HL-LHC parameters, as
computed by the SIRE (blue line) and the Bjorken-Mtingwa analytical formalism in MADX (red line).
TABLE VI: Variation of the transverse emittances and energy spread during 10 h at FT energy.
IBS growths
Nominal (BCMS) HL-LHC
MADX SIRE MADX SIRE
dx/x0 [%] -0.1 -1.4 7.4 5.0
dy/y0 [%] -26.2 -26.1 -31.4 -31.2
dσl/σl0 [%] -0.1 -2.6 -12.6 -14.7
dotted lines in Fig. 8 and Fig. 9 represent the results of these tests. Even if giving as input to MADX exactly the
same bunch parameters as in SIRE, there is clear divergence of the MADX results (red dotted lines) with SIRE right
after the 5 h at FT. This divergence is much larger than the one observed during the first hours at FT. After 5 h
FT the beam in SIRE has been reshaped enough so that IBS and radiation processes act differently as compared to
Gaussian MADX distributions. Consequently, the differences observed between the B-M analytical formalism and the
simulations are expected because MADX assumes always Gaussian distribution, in contrast to SIRE that takes into
account the variation of the bunch shape throughout the calculation.
Due to the fact that the IBS effect is minor in the vertical plane, the strong SR damping mechanism leads to a
clear reduction of the vertical emittance. However, the variation of the horizontal emittance and energy spread is
determined by the interplay of IBS growth with SR damping. For the nominal BCMS parameters, these variations
are very small after 10 h at FT energy (Table VI). For the HL-LHC case, having the same initial horizontal emittance
but the double bunch population compared to the nominal BCMS parameters (Table II), the IBS effect prevails over
SR in the horizontal plane after almost 3 h (Fig. 9 (left)). As can be seen in Fig. 9 (right) this in not the case for the
longitudinal plane, for which the initial bunch length of 1.2 ns compared to the 1 ns in the nominal case, renders IBS
weaker than SR and, results in the decrease of the energy spread.
FIG. 10: The initial and final (after 10 h) distributions in the horizontal (left), vertical (middle) and longitudinal (right)
plane, for the nominal BCMS bunch parameters at FT energy (6.5 TeV), are denoted by blue and red stars, respectively.
They are fitted with the Gaussian (dashed line) and the q-Gaussian (solid line) functions.
The evolution of the initially Gaussian (in all planes) particle distributions within 10 h at FT energy is shown in
logarithmic scale in Fig. 10 and Fig. 11 for the nominal BCMS and the HL-LHC case, respectively. The initial and
10
FIG. 11: The initial and final (after 10 h) distributions in the horizontal (left), vertical (middle) and longitudinal (right)
plane, for the HL-LHC bunch parameters at FT energy (7 TeV), are denoted by blue and red stars, respectively. They are
fitted with the Gaussian (dashed line) and the q-Gaussian (solid line) functions.
TABLE VII: Initial and final (after 10 h) fit results for the horizontal, vertical and longitudinal bunch profiles shown in
Fig. 10, for the nominal BCMS parameters case at FT energy (6.5 TeV).
Fit Parameters
Horizontal distribution Vertical distribution Longitudinal distribution
Initial F inal Initial F inal Initial F inal
Gaussian
σrms ± 10−4 0.064 [mm] 0.067 [mm] 0.064 [mm] 0.056 [mm] 0.25 [ns] 0.26 [ns]
RMSE [10−3] 1 25 1 1 1 30
q-Gaussian
σrms ± 10−4 0.064 [mm] 0.064 [mm] 0.064 [mm] 0.055 [mm] 0.25 [ns] 0.24 [ns]
q ± dq 1.004± 0.003 0.856± 0.005 0.982± 0.004 0.971± 0.004 1.007± 0.004 0.830± 0.006
RMSE [10−3] 1 1 1 1 1 1
TABLE VIII: Initial and final (after 10 h) fitting results for the horizontal, vertical and longitudinal bunch profiles shown in
Fig. 11, for the HL-LHC parameters case at FT energy (7 TeV).
Fit Parameters
Horizontal distribution Vertical distribution Longitudinal distribution
Initial F inal Initial F inal Initial F inal
Gaussian
σrms ± 10−4 0.062 [mm] 0.067 [mm] 0.062 [mm] 0.052 [mm] 0.30 [ns] 0.28 [ns]
RMSE [10−3] 1 27 2 2 2 17
q-Gaussian
σrms ± 10−4 0.062 [mm] 0.063 [mm] 0.062 [mm] 0.052 [mm] 0.30 [ns] 0.27 [ns]
q ± dq 1.005± 0.004 0.852± 0.004 0.991± 0.005 0.977± 0.005 0.990± 0.003 0.825± 0.001
RMSE [10−3] 1 1 1 1 1 1
final (after 10 h) distributions in the horizontal (left), vertical (middle) and longitudinal (right) plane, are denoted
by blue and red stars, respectively. They are fitted with the Gaussian (dashed line) and the q-Gaussian (solid line)
functions. The fitting results of the initial and final distributions are presented in Table VII for the nominal BCMS
case and in Table VIII for the HL-LHC case. The RMSE values of the two fitting functions show that when the final
bunch profiles are strongly non-Gaussian, the q-Gaussian fitting results should be considered. In this respect, the
evolution of the particle distributions in all planes for the nominal BCMS and HL-LHC cases is discussed based on
the q-Gaussian results.
The horizontal beam sizes do not change after 10 h at FT energy because the blow up caused by IBS is balanced
out by the SR damping. However, there is a transformation of the horizontal distributions’ shape for which the
tails become less populated (q < 1). In the longitudinal plane both the beam size and the q parameter are reduced,
meaning that SR prevails over IBS and the core is blown up due to IBS- giving underpopulated tails. In the vertical
plane, the dominant SR damping results in a smaller beam size without changing much the formation of the tails, so
the distribution remains Gaussian.
V. COMPARISON BETWEEN EXPERIMENTAL DATA FROM RUN 2, THE SIRE AND THE B-M
ANALYTICAL FORMALISM, AT FT ENERGY
The longitudinal bunch manipulations performed during the Ramp to avoid instabilities due to the loss of Landau
damping [12], produce bunches that arrive at FT energy with a clearly non-Gaussian longitudinal shape. By assuming
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FIG. 12: The evolution of the q parameter during 11.5 h at stable beams (6.5 TeV), for a train of bunches in the longitudinal
plane.
that these profiles are Gaussian may lead in underestimating or overestimating the actual bunch length. For the studies
presented in this paper, these profiles are fitted using the q-Gaussian function. An example showing the evolution of
the q parameter for a train of longitudinal bunches during 11.5 h at stable beams (6.5 TeV) in the LHC is presented
in Fig. 12. It is clear that with such q parameter values, corresponding to non-Gaussian tails, the rms beam size
cannot be accurately estimated by using the Gaussian function. The increase of the q parameter means that the
FIG. 13: The evolution of a longitudinal bunch profile during 11.5 h at stable beams (6.5 TeV).
longitudinal distributions with the underpopulated tails (q < 1) at the start of stable beams, become more Gaussian
(q → 1) as time evolves. This is a general statement that can be made for the longitudinal distribution observed at
the FT energy of the LHC. The evolution of the longitudinal particle distribution of a single bunch that is picked out
of the train of bunches is shown in Fig. 13 for the time period of 11.5 h. The initial bunch profile (plotted in blue) is
fitted with the Gaussian and the q-Gaussian functions that give different rms beam sizes because of the dependence
of the standard deviation on the q parameter (Eq. (5)). The fitting results are used to generate a Gaussian and a
q-Gaussian distribution to be tracked in SIRE in order to compare the experimental observations with the results of
the code.
TABLE IX: Fitting results for the initial (at the start of collisions) and the final (after 11.5 h) longitudinal bunch distribution
shown in Fig. 14, as was observed in the LHC and as was calculated by the SIRE code.
Fit Parameters
Initial (t=0) Final (t=11.5 h)
DATA SIRE DATA SIRE
Gaussian
σrms ± dσrms [ns] 0.299± 0.003 0.297± 0.002 0.233± 0.002 0.237± 0.002
RMSE [10−3] 22 19 18 20
q-Gaussian
σrms ± dσrms [ns] 0.286± 0.004 0.290± 0.001 0.227± 0.002 0.235± 0.001
q ± dq 0.88± 0.03 0.85± 0.01 0.93± 0.03 0.86± 0.01
RMSE [10−3] 10 3 10 4
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FIG. 14: The initial (at the start of collisions) and the final (after 11.5 h) longitudinal bunch profiles as observed in the LHC
(left) and as calculated by the SIRE (right), in logarithmic scale, are denoted by blue and red stars, respectively. They are
fitted with the Gaussian (dashed line) and the q-Gaussian (solid line) functions.
In Fig. 14, the initial (at the start of collisions) and the final (after 11.5 h) longitudinal bunch profiles, as observed in
the LHC (left) and as calculated by the SIRE (right) for an initially q-Gaussian simulated profile, are denoted by blue
and red stars, respectively. They are plotted in logarithmic scale and they are fitted with the Gaussian (dashed line)
and the q-Gaussian (solid line) functions. The reduction of the bunch population with time and the extra (on top of
IBS) transverse emittance blow up observed in the machine, are taken into account for the simulation. The transverse
distributions are assumed to be Gaussian, since at FT the shape of their tails is not clear due to diffraction. The
fitting results are presented in Table IX. Even if there seems to be no change at the tails of the simulated distribution,
in reality the profiles become more Gaussian. Within 11.5 h at stable beams, the rms beam size of the measured
bunch profile and of the corresponding tracked distribution is reduced by 21% and by 19%, respectively. This shows
a very good agreement between the experimental data and the simulations performed with SIRE.
Figure 15 shows in logarithmic scale the initial (blue stars) and the final (red stars) horizontal (left) and vertical
(right) bunch profiles as calculated by SIRE, fitted with the Gaussian (dashed line) and the q-Gaussian (solid line)
functions. As can be seen in Table X, the simulations showed no change in the transverse beam sizes and that is
because the extra (on top of IBS) transverse emittance blow up is included. The effect of IBS together with the extra
blow up assumed, widens the core of the horizontal bunch in such a way that the q parameter is decreased by around
10% within these 11.5 h. Since IBS is negligible in the vertical plane, the fact that the vertical bunch profile remains
Gaussian indicates that the interplay between the SR damping and the extra blow up do not change the tails of the
distribution.
The 4σ-bunch length evolution when assuming Gaussian (left) and q-Gaussian (right) initial distributions is shown
in Figure 16. The blue line corresponds to the SIRE calculations and the red line to the results given by the IBS module
of MADX [25] which is based on the analytical formulation of B-M and always assumes Gaussian distributions. The
bunch length evolution, together with the two standard deviation error-bars, when fitting the data with the Gaussian
and the q-Gaussian functions is represented by a black and a grey line, respectively. The bunch length values differ for
the two distribution functions used due to the fact that, for a light tailed distribution the rms value is overestimated
by fitting a Gaussian. When assuming a Gaussian distribution, the bunch length evolution calculated by the code
is close to the measured data. For the q-Gaussian case the agreement between data and simulations is excellent. In
agreement with the results presented in the previous section, the divergence between the SIRE and the MADX for
longer time-spans is something to be expected since the distribution shape in SIRE is updated, while in MADX it is
not.
TABLE X: Fitting results for the initial (at the start of collisions) and the final (after 11.5 h) transverse bunch distributions
shown in Fig. 15, as was calculated using the SIRE code.
Fit Parameters
Horizontal distribution Vertical distribution
Initial F inal Initial F inal
q-Gaussian
σrms ± 10−4 [mm] 0.076 0.076 0.076 0.076
q ± dq 0.990± 0.004 0.893± 0.005 0.992± 0.003 0.983± 0.003
RMSE [10−3] 3 3 3 3
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FIG. 15: The initial (at the start of collisions) and the final (after 11.5 h) horizontal (left) and vertical (right) bunch profiles
as calculated by the SIRE, in logarithmic scale, are denoted by blue and red stars, respectively. They are fitted with the
Gaussian (dashed line) and the q-Gaussian (solid line) functions.
FIG. 16: The bunch length (4σ) evolution during several hours in stable beams, as computed by the SIRE code (blue), the
B-M analytical formalism (red) and as measured by the longitudinal profile monitors when assuming a Gaussian (left) and a
q-Gaussian (right) distribution.
VI. EXAMPLE OF TRANSVERSE BUNCH PROFILES AT THE FT ENERGY SHOWING THE
PREPONDERANCE OF THE Q-GAUSSIAN AGAINST THE GAUSSIAN FUNCTION
In a circular collider, a certain crossing angle is required for colliding bunch trains so that to separate the two
beams after collision. The magnitude of this crossing angle is a complicated function of the bunch charge, the number
of long-range beam-beam (LRBB) interactions [28–30], of the β∗ and of the optics. The LRBB interactions can be a
source of emittance growth that may lead to beam losses in the LHC during physics [31]. For the case of the High
Luminosity LHC upgrade (HL-LHC) with the small β∗ and the high bunch intensities, such effects are enhanced.
During the LHC operation period, apart from the physics fills, there are specific days dedicated to machine devel-
opment (MD) studies, which are carefully planned in the LHC operation schedule to optimize and further study the
performance of the machine. One of the 2017 MD studies was the beam-beam long-range (BBLR) MD [32]. This MD
had a primary goal to verify and establish the minimal crossing angle between beam 1 (B1) and beam 2 (B2) that
is important for the luminosity leveling by crossing angle [33], by collecting observations to optimize the operational
configuration, confirming the asymmetric behavior of B1 and B2 and understanding the critical BBLR regime.
During the BBLR MD the transverse bunch profiles were acquired for both beams, using the BSRT [19, 34]. After
having put the beam in collision at top energy, the half crossing angle of IP1 and IP5 was reduced in steps from 150
until 90 µrad within 3 h. The evolution of the q parameter in time (after adjust) for the acquired profiles is shown for
the horizontal plane of B1 in Fig. 17. Starting from values of the order of 1.15 the q parameter decreases gradually in
time, i.e. the profiles become more Gaussian. Due to the fact that the number of BBLR experienced by each bunch is
related to the position of each bunch in a train, specific patterns are expected to be observed along a train of bunches,
specially when the crossing angle is significantly reduced. So, it is important to plot the quantities that are of interest
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FIG. 17: The evolution of the q parameter for a train of BCMS bunches at FT energy (6.5 TeV) versus time (left).
FIG. 18: The evolution of the q (left) and of the β (right) parameters for a train of BCMS bunches at FT energy (6.5 TeV)
versus the bunch slot number.
versus the bunch slot number. In this respect, in Fig. 18 the q (left) and β (right) parameters of the q-Gaussian fit
are plotted over the bunch slot number and are color-coded with time. In general, all bunches become more Gaussian,
since q decreases as time evolves. The bunches at the center of the train, which have more BBLR encounters than
the ones at the edges of the train, correspond to larger β values. Similar plots are shown for the Gaussian and the
q-Gaussian rms beam sizes in Fig. 19. The beam size values presented in these plots are the non-calibrated ones 2
because the existing calibration factors to correct the rms values can be applied only for Gaussian distributions [34],
and thus, their magnitude should not be taken into account. The comparison of the Gaussian and the q-Gaussian
non-calibrated beam sizes shows that the Gaussian fit- which cannot describe well the observed overpopulated tails,
underestimates the real beam size. For both the Gaussian and the q-Gaussian case there is a clear correlation between
the beam size and the BBLRs encountered by the bunches along the train.
VII. SUMMARY AND NEXT STEPS
In the LHC, the interplay between a series of effects can lead to distributions with non-Gaussian tails. In this
paper, a novel distribution function called the q-Gaussian is employed because it describes much more accurately
than the simple Gaussian function the bunch profiles observed. The comparison of these functions showed that, for a
light tailed distribution the rms value is overestimated by using a Gaussian instead of a q-Gaussian fit, whereas the
opposite is true for a heavy tailed distribution. So, the use of appropriate fitting functions to accurately estimate the
beam size and the behavior of the tails is significant.
The way IBS and radiation effects act depends on the shape of the bunch profiles. Aiming to quantify the impact
of the distribution’s shape on the emittance evolution, a multiparticle tracking code called SIRE, is used. The
benchmarking of the B-M analytical formalism with SIRE showed a very good agreement for the first couple of hours
at the FB (450 GeV) and FT (6.5 TeV) energies of the LHC, even if they make use of different approaches to calculate
the IBS effect. The differences observed for longer time-spans are expected, since in SIRE the particle distributions are
updated, while MADX always assumes Gaussian distributions. The results obtained from the simulations encourage
the idea of using the code for tracking distributions coming from experimental data, in order to study the impact of
2 The BSRT is calibrated with respect to the wire scanners (WS) [18] during dedicated low beam intensity runs.
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FIG. 19: The evolution of the horizontal rms beam size (non-calibrated), as calculated by the Gaussian (left) and the
q-Gaussian (right) fits, for a train of BCMS bunches during 3.5 h at FT energy (6.5 TeV), versus the bunch slot number.
the distributions shape on the evolution of the bunch characteristics. After the comparison with experimental data,
the fact that SIRE takes into account the change of the particle distribution showed that it is a very useful tool for
estimating the actual bunch parameters evolution in the machine. Consequently, by using SIRE, the impact of the
bunch characteristics variation on the luminosity evolution can be understood and used for better predictions.
[1] F. Antoniou, M. Hostettler, G. Iadarola, S. Papadopoulou, Y. Papaphilippou, D. Pellegrini, and G. Trad, in Proceedings,
7th Evian Workshop on LHC beam operation: Evian Les Bains, France, December 13-15, 2016 , CERN (CERN, Geneva,
2017) pp. 125–132.
[2] J. D. Bjorken and S. K. Mtingwa, Part. Accel. 13, 115 (1982).
[3] A. Vivoli and M. Martini, Intra-Beam scattering in the CLIC Damping Rings, Tech. Rep. CERN-ATS-2010-094. CLIC-
Note-834 (2010).
[4] M. Martini, F. Antoniou, and Y. Papaphilippou, ICFA Beam Dyn. Newsl. 69, 38 (2016).
[5] A. Vivoli and M. Martini, Effects of Intrabeam Scattering and Synchrotron Radiation Damping when Reducing Transverse
Emittances to Augment the LHC Luminosity , Tech. Rep. sLHC-PROJECT-Report-0032. CERN-sLHC-PROJECT-Report-
0032 (CERN, Geneva, 2010).
[6] S. Papadopoulou, F. Antoniou, T. Argyropoulos, M. Fitterer, M. Hostettler, and Y. Papaphilippou, Journal of Physics:
Conference Series 874, 012008 (2017).
[7] R. Garoby, New RF exercises envisaged in the CERN-PS for the antiprotons production beam of the ACOL machine, Tech.
Rep. CERN-PS-85-36-RF (1985).
[8] I. Bejar Alonso, L. Rossi, et al., HiLumi LHC Technical Design Report: Deliverable: D1.10 , Tech. Rep. CERN-ACC-2015-
0140 (2015).
[9] G. Apollinari, O. Bru¨ning, T. Nakamoto, and L. Rossi, CERN Yellow Report , 1 (2017), 21 pages, chapter in High-
Luminosity Large Hadron Collider (HL-LHC) : Preliminary Design Report.
[10] M. Kuhn, Emittance Preservation at the LHC, Master’s thesis, Hamburg U. (2013-03-12).
[11] M. Fitterer, G. Stancari, A. Valishev, R. Bruce, P. S. Papadopoulou, G. Papotti, D. Pellegrini, S. Redaelli, G. Trad,
D. Valuch, G. Valentino, J. Wagner, and C. Xu, Effect of a resonant excitation on the evolution of the beam emittance
and halo population, Tech. Rep. CERN-ACC-NOTE-2017-0037 (2017).
[12] P. Baudrenghien and T. Mastoridis, Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 726, 181 (2013).
[13] H. Timko, P. Baudrenghien, J. Esteban Mller, and E. Shaposhnikova, in Proceedings, 6th Evian Workshop on LHC beam
operation: Evian Les Bains, France, December 15-17, 2015 , CERN (CERN, Geneva, 2016) pp. 143–148.
[14] E. M. F. Curado and C. Tsallis, Journal of Physics A: Mathematical and General 25, 1019 (1992).
[15] Student, Biometrika 6, 1 (1908).
[16] S. Burger, A. Boccardi, E. Bravin, A. Goldblatt, A. Ravni, F. Roncarolo, and R. Sautier, Turn by Turn Profile Monitors
for the CERN SPS and LHC , Tech. Rep. CERN-ACC-2013-0299 (2013).
[17] M. Sapinski, W. Andreazza, B. Dehning, A. Guerrero, M. Patecki, and R. Versteegen, The first experience with LHC beam
gas ionization monitor , Tech. Rep. CERN-ATS-2012-286 (CERN, Geneva, 2012).
[18] J. Bosser, J. Camas, L. Evans, G. Ferioli, R. Hopkins, J. Mann, and O. Olsen, Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 235, 475 (1985).
[19] F. Me´ot, L. Ponce, J. Bosser, and R. Jung, in Particle accelerator. Proceedings, 8th European Conference, EPAC 2002,
Paris, France, June 3-7, 2002 (2002) pp. 1945–1947.
[20] G. Papotti, T. Bohl, F. Follin, and U. Wehrle, Longitudinal Beam measurements at the LHC: The LHC Beam Quality
Monitor , Tech. Rep. CERN-ATS-2011-220 (2011).
[21] T. Bohl and J. F. Malo, The APWL Wideband Wall Current Monitor , Tech. Rep. CERN-BE-2009-006 (CERN, Geneva,
16
2009).
[22] A. Jeff, M. Andersen, A. Boccardi, S. Bozyigit, E. Bravin, T. Lefevre, A. Rabiller, F. Roncarolo, C. P. Welsch, and A. S.
Fisher, Phys. Rev. ST Accel. Beams 15, 032803 (2012).
[23] A. Piwinski, in Proceedings of the 9th International Conference on High Energy Accelerators: Stanford, USA (1974).
[24] P. Zenkevich, A. Bolshakov, and O. Boine-Frankenheim, AIP Conf.Proc. 773, 425 (2005).
[25] F. Antoniou and F. Zimmermann, Revision of Intrabeam Scattering with Non-Ultrarelativistic Corrections and Vertical
Dispersion for MAD-X., Tech. Rep. CERN-ATS-2012-066 (CERN, Geneva, 2012).
[26] E. Metral et al., Update of the HL-LHC operational scenarios for proton operation, Tech. Rep. (2018).
[27] MAD-X homepage, URL http://http://mad.web.cern.ch/mad/.
[28] O. S. Bru¨ning, W. Herr, and R. Ostojic, A Beam Separation and Collision Scheme for IP1 and IP5 at the LHC for Optics
Version 6.1 , Tech. Rep. LHC-Project-Report-315. CERN-LHC-Project-Report-315 (CERN, Geneva, 1999).
[29] W. Herr, Features and implications of different LHC crossing schemes, Tech. Rep. LHC-Project-Report-628. CERN-LHC-
Project-Report-628 (CERN, Geneva, 2003).
[30] W. Herr, Dynamic behaviour of nominal and PACMAN bunches for different LHC crossing schemes, Tech. Rep. LHC-
Project-Report-856. CERN-LHC-Project-Report-856 (CERN, Geneva, 2005).
[31] M. B. Salvachua Ferrando, “Luminosity leveling and beam-beam effects in the lhc,” presented at the Beam-Beam effects
in Circular Collider workshop, 5-7 February 2018, LBNL, USA.
[32] G. Sterbini, MD2201 preprint, Tech. Rep. (CERN, Geneva, 2018).
[33] N. Karastathis, K. Fuchsberger, M. Hostettler, Y. Papaphilippou, and D. Pellegrini, in Proceedings of the 9th International
Particle Accelerator Conference: Vancouver, Canada (2018).
[34] G. Trad, Development and Optimisation of the SPS and LHC beam diagnostics based on Synchrotron Radiation monitors,
Ph.D. thesis, LPSC, Grenoble (2015-05-28).
